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Based on ab initio Monte Carlo approach, finite-temperature magnetism of tetragonal Fe is studied.
It is shown that the ground state magnetic structure changes from ferromagnetic to
antiferromagnetic as the structure transforms from bcc to fcc. The Curie temperature TC or Néel
temperatures TN are very sensitive to the lattice distortion, which decreases from bcc to fcc and
then increases over the fcc range. There are a maximum of TC at the bcc and a minimum of TN
around the fcc limit due to the change of the coupling distance and symmetry consideration. © 2006
American Institute of Physics. DOI: 10.1063/1.2191469While body-centered-cubic bcc Fe is ferromagnetic,
face-centered-cubic fcc Fe is predicted to be paramagnetic,
antiferromagnetic, ferromagnetic, ferrimagnetic, or spin-
density wave, depending on the lattice constant and the lat-
tice distortion.1–9 Theoretically, Marcus and co-workers10–12
have given a detail discussion on the tetragonal transforma-
tion from bcc to fcc. The energy minima along the epitaxial
Bain path give the equilibrium states of the ferromagnetic,
paramagnetic, and two antiferromagnetic phases, namely, the
type-I phase and a bilayer antiferromagnetic state ↑↑↓↓.
The bilayer ↑↑↓↓ phase is found to be lower in energy than
type I when the 001 plane lattice constant is strained to the
Cu001 lattice constant. Spišák and Hafner13 included also
the bilayer antiferromagnetic state ↑↑↓↓ into their consid-
erations of energetics of fcc iron multilayers on Cu001 and
found that this magnetic ordering is energetically favored at
the lattice constant equal to the equilibrium lattice constant
of Cu.
Tremendous success has been achieved, on the other
hand, for calculations of finite-temperature magnetism re-
cently. Rosengaard and Johansson14 calculated the Curie
temperatures of ferromagnetic bcc Fe, and fcc Co and Ni by
using Monte Carlo MC simulations with the exchange pa-
rameters deduced from ab initio results of total energies for
different configurations. Zhou et al.15 used a similar proce-
dure to study the magnetic phase transitions in fcc Fe and
Mn antiferromagnets. It is also shown that such an ab initio
MC method also works well for low-dimensional magnetic
systems.16,17
In this Letter, we report a systematic study on the finite-
temperature magnetism of tetragonal Fe based on ab initio
MC approach described above. First, the total energies of
several collinear spin configurations are calculated by means
of the self-consistent full-potential linearized augmented-
plane-wave FLAPW method18 under local spin-density ap-
proximation LSDA.19 Then, the exchange parameters
within the approximation of a classical Heisenberg model are
extracted from the ab initio results. Finally, the finite-
temperature magnetism is studied using MC simulations with
the exchange parameters obtained, and a phase diagram in
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In order to get a good understanding of the magnetic
behavior, nonmagnetic NM, ferromagnetic FM, and five
antiferromagnetic AF spin configurations are considered, as
shown in Fig. 1. Here, structures for AF1, AF4, and AF5 are
a magnetic unit cell, but for AF2 or AF3, the magnetic unit
cell is constructed by doubling the plotted structure along the
x and y or x, y, and z directions while the spins are
inverted.
Experimental atomic volumes Va for bcc and fcc Fe are
11.77 and 11.4 Å3, respectively. On the other hand, theoreti-
cally, some detailed contour plots of the total energy as a
function of the volume and the axial ratio c /a were
presented.10,13The equilibrium volumes of fcc Fe are esti-
mated to be 11.6, 10.4, and 11.0 Å3 for the FM, AF1, and
AF4 magnetic states using LSDA+GGC approach,13 respec-
tively. In present study, to get a good understanding through
all of the bcc and fcc ranges, as an approximation, all calcu-
lations are performed assuming a constant volume of
11.67 Å3, which is equal to the average of 11.77 Å3 for bcc
Fe and 11.60 Å3 for fcc Fe. The total energy is calculated as
a function of lattice distortion ratio c /a which is varied from
0.9 to 1.8, covering bcc c /a=1 and fcc c /a=2 lattice
structures. Here, c and a are the out-of-plane and in-plane
lattice parameters of the bcc-like ordered superlattices; c0FIG. 1. Magnetic configuration of tetragonal iron.
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structure which can be achieved by a 45° rotation in the
001 plane, as shown in Fig. 1. In the case of going from the
onefold NM, FM, AF1 to the twofold AF4, threefold
AF5, fourfold AF2, and eightfold AF3 magnetic unit
cells, to gain the same accuracy, the number of k points in
the irreducible Brillouin zone is set to be 45–156, keeping
the same density. The radii of the muffin-tin spheres are set
to 2.2 a.u. The cutoff energy is set to 12 Ry. Convergence of
the total energy and the charge is carefully checked through-
out this calculation.
In Fig. 2, we show the relative total energies as a func-
tion of the c /a ratio. We can see that as the c /a ratio in-
creases, the most stable state changes from FM to AF2, AF4,
and then to AF5. The most stable state is FM on the bcc side,
while on the fcc side, a strong competing behavior is shown
and the most stable state is AF4 with an energy minimum at
c /a=1.5 c0 /a0=1.06, as well as reported by Qiu et al.
12
and Spišák et al.13 According to present calculation, two new
TABLE I. Calculated lattice parameters a and c or
energy E in mRy, and Curie temperature TC or

















FIG. 2. Relative total energy for tetragonal Fe. Here, the volume is fixed to
11.67 Å3/at. c /a=1.0 and 2 correspond to the bcc and fcc limits,
respectively.Reference 15.
Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to metastable phases AF2 with  , ,0 and AF5 with trilayer
↑↑↑↓↓↓ antiferromagnetic states are implicated, but no AF1
exists. Comparison of the lattice parameters, magnetic mo-
ments, and relative energies for each states is given in
Table I.
In Fig. 3, the exchange parameters J and magnetization
energy EM are plotted as a function of the c /a ratio, which
can be estimated by least square fitting approximately to a
classical Heisenberg model.15 Here, J0 is the in-plane ex-
change parameter, J1L is the nearest neighbor interplanar ex-
change parameter, and J2L is the second nearest neighbor
interplanar exchange parameter.20 These parameters will be
nd c0 in Å, magnetic moment M in B, relative
temperature TN in K for tetragonal Fe.
a M E TC or TN




0 2.03 4.57 326
5 2.17 5.54
1 10.98





FIG. 3. a Exchange parameters and b magnetization energy for tetrago-
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properties, as shown in the next paragraph. We can see that
1 on the left side, the dominated parameter is J1L, which
shows a maximum at the bcc side and a minimum at the fcc
side; 2 on the right side, J0 becomes important due to the
shortened atomic distance, a= V / c /a1/3, where V
=23.34 Å3; 3 the J2L is small in comparison with the J1L on
the bcc side and J0 on the fcc side due to the larger atomic
distance. These facts indicate that the exchange parameters
are very sensitive to the c /a ratio due to the change of the
coupling distance between the in-plane and interplanar
atoms.21 On the other hand, as shown in Fig. 3b, the mag-
netization energy is a continuous function of c /a ratio with a
maximum at bcc and a minimum at fcc. It means that the
magnetization of bcc Fe is easier than the fcc one, so that the
magnetic state of bcc Fe is more stable than the fcc Fe.
The magnetization energy at fcc limit is estimated to be
3.2 mRy, which is in good agreement with the data given by
Zhou et al.9
Using the exchange parameters and magnetization en-
ergy given in Fig. 3, classical MC simulations based on
Heisenberg model are performed to study the finite-
temperature magnetism of Fe over the c /a ratio. The com-
putational details can be found elsewhere.16,17 In Fig. 4a, as
an example, the energy correlation as a function of tempera-
ture for c /a=1.0 and 2 are shown. The magnetic phase
transition temperature can be evaluated easily from the en-
ergy correlation which is proportional to the product of the
specific heat and temperature square. Here, the possible er-
rors from the MC simulations themselves such as finite sys-
tem size and simulation steps are estimated to be 15 K.
FIG. 4. a Temperature dependence of the energy correlation for bcc
square and fcc Fe open circle, obtained for a system size of 1616
16 and Monte Carlo steps of 3000–5000. b Phase diagram for magnetic
states vs the lattice distortion c /a, and the symbols,  ∆, , and  in this
panel represent the data given in Refs. 22, 14, and 15, respectively.Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to With all TC or TN obtained, the phase diagram of magnetic
states with c /a is presented in Fig. 4b. It can be seen that
the magnetic phase transition temperature is a continuous
function of c /a ratio, which decreases from bcc to fcc and
then increases over the fcc range, reflecting the exchange
interaction behavior. There is a maximum of TC at the bcc
which could be explained by bcc symmetry consideration,
and a minimum of TN exists around the fcc limit due to the
fcc symmetry consideration. 1089 K of TC at bcc and 107 K
of TN at fcc are obtained, which is in good agreement with
the existing calculations14,15 and experimental data,22,23 as
listed in Table I.
In summary, the finite-temperature magnetism of tetrag-
onal Fe is studied based on ab initio Monte Carlo approach.
It is shown that the ground state magnetic structure changes
from FM to AF configuration as the structure changes from
bcc to fcc with increasing of c /a ratio. Based on a Heisen-
berg model with exchange parameters extracted from ab ini-
tio total energy, classical MC simulations have been applied
to study the finite-temperature magnetism. It is found that the
Curie or Néel temperatures are very sensitive to the lattice
distortion, a maximum of TC exists at the bcc and a mini-
mum of TN exists around the fcc limit due to the change of
the coupling distance between Fe atoms.
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